Introduction {#s1}
============

Inflammatory and immune cells are involved in the pathophysiological mechanisms of ocular surface diseases [@pone.0072459-Research1]. Macrophages are mononuclear phagocytes, playing a pivotal role in tissue homeostasis as scavenger cells silently removing dead and dying epithelial cells, and facilitating regrowth of injured tissues [@pone.0072459-Forrester1]. Alongside dendritic cells and B-lymphocytes, they are antigen-presenting cells [@pone.0072459-Forrester1]. They produce inflammatory mediators and exhibit heterogeneity in their phenotype depending on the local environment. In the conjunctiva, macrophages are localized in the stroma and can interact closely with conjunctival epithelial cells, playing an important role in ocular surface diseases. For example, allergic conjunctivitis has been shown to be associated with excessive macrophage infiltration in the conjunctiva [@pone.0072459-Ishida1], [@pone.0072459-Pong1]. In trachoma, they are known to increase local production of connective tissue growth factor (CTGF), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) [@pone.0072459-AbuElAsrar1]. Similarly, in ocular cicatricial pemphigoid, significant infiltration of macrophages was observed in the conjunctiva [@pone.0072459-Tesavibul1].

Due to the subclinical inflammation caused by long-term use of antiglaucoma eyedrops, patients treated for glaucoma or ocular hypertension frequently suffer from ocular surface disease [@pone.0072459-Baudouin1]. Preservatives associated with the active compound in eyedrops have already shown their toxic effects in clinical and experimental studies, and could be, at least in part, responsible for such inflammatory changes [@pone.0072459-Baudouin1]. Benzalkonium chloride (BAK), a quaternary ammonium, is the most commonly used preservative in antiglaucoma medications [@pone.0072459-Baudouin1]. BAK is directly responsible for goblet cell loss, conjunctival squamous metaplasia and apoptosis, and disruption of the corneal epithelium barrier [@pone.0072459-Baudouin2]. It induces a dose-dependent cytotoxicity leading to apoptosis and necrosis of conjunctival cells [@pone.0072459-Ammar1]. In glaucomatous patients, an association between ocular surface disease severity and the number of BAK-containing eye drops has been described [@pone.0072459-Baudouin1], [@pone.0072459-Leung1]. Similarly, Malvitte *et al*. showed that the expression of fibroblastic and inflammatory markers as well as the intensity of the inflammatory reaction seemed to be related to the number of preservative-containing medications used and the duration of treatment [@pone.0072459-Malvitte1]. Increased amounts of inflammatory cells, especially macrophages, within the stroma have been observed following long-term applications of preserved antiglaucoma eyedrops [@pone.0072459-Broadway1], [@pone.0072459-Sherwood1]. Such inflammatory processes stimulate postoperative conjunctival fibrosis at the filtration site and are the principal cause of failure of glaucoma filtering surgery [@pone.0072459-Broadway2]. In comparison with patients treated with unpreserved eyedrops, conjunctival biopsies from patients treated with preserved eyedrops containing BAK presented increased macrophage tissue infiltration [@pone.0072459-Baudouin3]. Similarly, in an animal model comparing instillations of timolol associated with BAK versus unpreserved timolol, conjunctival biopsies showed an increased density of macrophages in animals exposed to BAK [@pone.0072459-Baudouin3]. Beside the prominent role of macrophages in ocular surface disease, inflammatory cells have also been found in trabecular meshwork in primary angle-closure glaucoma [@pone.0072459-Hamanaka1], as well as playing a role in trabecular degeneration in primary open angle glaucoma, especially in patients receiving multiple therapy over the long term [@pone.0072459-Baudouin3]. As BAK has been recently found in the trabecular meshwork after prolonged instillation even in healthy eyes in rabbit model [@pone.0072459-BrignoleBaudouin1] it can be hypothesized that BAK stimulates macrophage infiltration and interact with inflammatory cells within the trabecular meshwork.

The effects of BAK on THP-1 cells have already been investigated for toxicological and allergic purpose [@pone.0072459-Hirota1], [@pone.0072459-Lim1]. However, THP-1 cells are monocytic cells, namely circulating blood cells, and interaction with BAK cannot fully reflect the effects of this toxic on cells in tissues where monocytes differentiate into macrophages. Therefore, considering the pivotal role of macrophages in ocular surface diseases and particularly in patients treated for glaucoma or ocular hypertension, the objective of the study was to characterize the effects of BAK on THP-1 derived macrophages *in vitro*, especially on their activation phenotype, cytokine production, migration and phagocytosis functions.

Materials and Methods {#s2}
=====================

Cell lines {#s2a}
----------

Macrophages were obtained after differentiation of THP-1 cells provided by the American Type Culture Collection (TIB-202™, ATCC, Rockville, MD, USA). This cell line comes from acute monocytic leukemia. THP-1 cells are known to differentiate into macrophages after stimulation with phorbol myristate acetate (PMA) [@pone.0072459-Auwerx1]. Cells were cultured in RPMI 1640 (Roswell Park Memorial Institute) (Invitrogen Life Technologies, Paisley, Scotland, UK) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), 1% glutamine (Invitrogen), 50 IU/mL penicillin and 50 IU/mL streptomycin (BioSource International, Camarillo, CA, USA) and under standard conditions (humidified atmosphere of 5% CO~2~ at 37°C). To obtain macrophages, THP-1 cells were seeded in six-well culture plates at 10^6^ cells/mL and stimulated with PMA (Sigma-Aldrich, St Louis, MO, USA) for 72 h at 100 nM as previously described [@pone.0072459-Auwerx1]. In our experiments, approximately 10% of cells became differentiated and were selected for further analysis.

Wong-Kilbourne derivative (WKD) of Chang conjunctival epithelial cells (clone 1 to 5c-4l, American Type Culture Collection) were cultured under standard conditions (humidified atmosphere of 5% CO~2~ at 37°C) in Dulbecco\'s minimum essential medium (DMEM) supplemented with 10% fetal bovine serum (HyClone), 1% glutamine (Invitrogen), 50 IU/mL penicillin, and 50 IU/mL streptomycin (BioSource International) as previously described [@pone.0072459-Brasnu1].

Stimulations {#s2b}
------------

As previously described, PMA-differentiated THP-1 macrophages were selected by keeping only the adherent cells to the plate [@pone.0072459-Kurosaka1]. The culture medium containing non-adherent cells was discarded and a new medium without PMA was added. Then, macrophages were exposed for 24 h to 32.8 nM (10^−5^%) benzalkonium chloride (BAK) (Sigma-Aldrich), 10 nM dinitrochlorobenzene (DNCB) (Sigma-Aldrich), 100 ng/mL lipopolysaccharide (LPS) (*Escherichia coli* serotype 0111: B4) (Sigma-Aldrich), 5 ng/mL tumor necrosis factor alpha (TNF-α) (PeproTech, Rocky Hill, NJ, USA) or phosphate buffered saline (PBS) as control. All reagents were diluted in PBS. Supernatants were harvested and stored at −20°C after 24 h of exposure.

Dose response cytotoxicity evaluation in flow cytometry (FC) {#s2c}
------------------------------------------------------------

The concentrations of stimulating factors (BAK, DNCB, LPS and TNF-α) were chosen after cell viability testing, using an Annexin V/7-aminoactinomycin D (7-AAD) double staining in flow cytometry (Cytomics FC 500-CXP, Beckman Coulter, Miami, FL, USA). The FC is equipped with an Argon laser at 488 nm. Annexin V binds only on phosphatidylserin, present on the external layer of plasmic membrane on the early stages of apoptosis [@pone.0072459-Vermes1]. 7-AAD is a fluorescent probe, which binds between nucleic acid of cells in necrosis or late apoptosis. PMA differentiated THP-1 cells were exposed to reagents with a gradient of concentration during 24 hours. BAK was used at 33 nM, 164 nM, 328 nM, and 1.6 µM (10^−5^%, 5.10^−5^%, 10^−4^% and 5.10^−4^%). DNCB was used at 10 nM, 25 nM, 50 nM and 100 nM. LPS was used at 10 ng/mL, 50 ng/mL, 100 ng/mL and 250 ng/mL. TNF-α was used at 1 ng/mL, 2 ng/mL, 5 ng/mL and 10 ng/mL. PBS was used for control. After exposure, cells were harvested with a cell scraper. Analysis was made with the help of the kit ANNEXIN V-FITC/7-AAD (Beckman Coulter) without PFA\'s fixation according to the manufacturer using FC. A biparametric histogram was used to determine annexin V and 7-AAD binding. Four populations were identified, those who stayed negative to both markers (viable cells), positive only to annexin V (early apoptosis), positive to both markers (late apoptosis) and positive only to 7-AAD (necrosis).

Concentrations just below toxicity levels were selected for each stimulating factor. The concentrations of BAK and DNCB used were similar to other studies on THP-1, which determined a low level of cell death [@pone.0072459-Lim1], [@pone.0072459-Byamba1]. Concentrations of TNF-α and LPS were similar to other studies on THP-1 cells [@pone.0072459-Holter1], [@pone.0072459-Miyazawa1].

Expression of macrophage markers {#s2d}
--------------------------------

To determine the cell phenotypes in each condition, the expression of cell markers was quantified in flow cytometry (FCM) (Beckman Coulter). THP-1 cells were harvested with a cell scraper and WKD cells were harvested after 10 min incubation with ethylenediaminetetraacetic acid (EDTA) at 0.5 mM (Sigma-Aldrich). Cells were then washed and fixed in 0.5% paraformaldehyde (PFA) in PBS (Alfa Aesar, Ward Hill, MA, USA) for 24 h at 4°C before immunostaining and FCM analysis. The monoclonal antibodies used were : fluorescein isothiocyanate (FITC)-conjugated CD11b, CD86, CD54 (Pharmingen, San Diego, CA, USA), phycoerythrin (PE)-conjugated CD11c (Pharmingen), PE-CD33 (BD Biosciences, San Jose, CA, USA) and an isotypic control antibody (mouse IgG1) (Pharmingen). For each condition 3×10^4^ cells were washed with PBS and suspended in 50 µl binding buffer containing 3 µL of fluorescent antibody for 30 min at room temperature. Cells were then washed in PBS and suspended in 200 µL buffer before FCM analysis.

The results are given as mean fluorescence intensity (MFI) ratios corresponding to the ratio between the MFI obtained for the antigen-specific antibody and the MFI obtained for the matched isotypic negative control. A positive expression corresponds to a ratio\>1 and could also be observed in basal condition. Percentages of expression were not shown because the cell markers were expressed by more than 95% of the macrophages, thus only the intensities of expression are presented. To illustrate the phenotype of THP-1 differentiated cells, we chose to perform immunohistochemistry staining of CD11c. THP-1 differentiated cells were seeded on compartmented glass plates (Lab-Tek™, NUNC, Roskilde, Denmark) to visualize the expression of differentiation markers. We used 500 µL of cell suspension at 10^6^ cells/mL per compartment. Cells were fixed for 15 min in PBS-PFA at 4% and then washed three times with PBS. Half of the compartments were incubated with fluorescent (PE) mouse anti-CD11c (Pharmingen) diluted at 1/100 with PBS; the other half was incubated with a PBS solution at 1/100 of fluorescent (PE) isotypic control antibody anti-IgG1. After three more washes with PBS, the compartments were isolated and glass plates were mounted with a medium containing 4′,6-diamidino-2-phenylindole (DAPI) (Vectashield-DAPI; Lumigen Inc., Southfield, MI, USA). An epifluorescent microscope (DM 6000, Leica Microsystems GmbH, Wetzlar, Germany) showed staining of CD11c fluorescent antibodies.

Phagocytosis {#s2e}
------------

To study phagocytosis, differentiated and stimulated THP-1 cells were seeded in compartmented glass plates (Lab-Tek™ Nunc, Naperville, IL, USA) or six-well plates. Then they were incubated for 1 h with 100 µL of carboxylate-modified fluorescent polystyrene microspheres (580/605 nm wavelength, 0.2 µm; Invitrogen) at the concentration of 50 µg/mL. These spheres were earlier coated in standard culture conditions for 1 h in PBS containing 10% FBS for antigen recognition and phagocytosis. Cells cultured in glass plates were fixed with 0.5% PFA in PBS for 24 h after three 5-min washes with PBS, mounted on glass slides with Vectashield™-DAPI (Vector) and analyzed with an epifluorescent microscope. Cells cultured in six-well plates were harvested and fixed (0.5% PFA in PBS for 24 h) for FCM analysis. The cytometer equipped with Argon laser was used to count the microsphere-containing cells detecting the wavelength emission of the fluorescent microspheres. A monoparametric histogram displayed the percentage of cells containing microspheres.

Cell migration {#s2f}
--------------

To evaluate the migration of macrophages, PMA-differentiated THP-1 cells were cultured on permeable membranes with 8.0- µm pores (inserts) (Falcon, BD Biosciences, Franklin Lakes, NJ, USA) in suspension (1 mL of each at 10^6^ cells/mL in RPMI medium) in six-well plates. WKD cells (at 60,000 cells/mL in DMEM medium) were also seeded in other six-well plates to 70--80% confluence and both cell lines were exposed to the same stimulants for 24 h. Then inserts with THP-1 cells were transferred into the six-well plates containing WKD conjunctival cells and both cells were cocultured for 4 h. One insert with THP-1 cells was transferred into a plate without WKD for control. Membranes were harvested, fixed with PBS-PFA at 4% for 15 min, gently washed with PBS and mounted on glass plates. Pictures of cells on the upper and lower side of each membrane were taken with an epifluorescent microscope. THP-1 cell migration was measured by comparing the ratio between the number of DAPI-stained nuclei on the upper and lower sides of each membrane. The nuclei counting was assessed with ImageJ® software (Wayne Rasband, National Institutes of Health, MD, USA).

Cytokine production {#s2g}
-------------------

Cytokines were analyzed in supernatants from differentiated and stimulated THP-1 cells. Supernatants were harvested 24 h after the last recovery of the medium. They were analyzed using a Proteome Profiler Array® (ARY005, R&D Systems, Minneapolis, MN, USA) that could identify 38 cytokines. Nitrocellulose membranes were spotted with various anticytokine antibodies. All experiments were done according to the manufacturer\'s instructions. One nitrocellulose membrane and 1 mL of supernatant were used for each condition. After incubation with the supernatant, membranes were stained with an electroluminescent agent (Amersham, GE Healthcare Limited, Buckinghamshire, UK) before revelation on X-ray film (Amersham, GE Healthcare Limited) according to the manufacturer\'s instructions. The pixel density of each spot was analyzed using ImageJ® software. The density of each spot was given as the mean from the ratio (%) versus control of three experiments.

Statistical analysis {#s2h}
--------------------

All experiments were conducted in triplicate. For multiple comparisons between different conditions, a Kruskal-Wallis nonparametric test with multiple impaired comparisons and Bonferroni correction was used. For simple comparisons between two conditions, a Student-unpaired *t*-test was used. *P*\<0.05 was considered significant.

Results {#s3}
=======

THP-1 cells were differentiated into macrophages after PMA stimulation {#s3a}
----------------------------------------------------------------------

After 72 h of exposure to PMA, THP-1 cell morphology was modified from a round and non adherent pattern to an adherent and dendritic pattern ([Figure 1](#pone-0072459-g001){ref-type="fig"} A, B). Moreover, FCM quantification of differentiated THP-1 cells showed an increased expression of CD11b (*P* = 0.031), CD11c (*P* = 0.033) and CD54 (*P* = 0.002), and a decreased expression of CD33 (*P* = 0.049) as compared to undifferentiated THP-1 cells ([Figure 2](#pone-0072459-g002){ref-type="fig"}). The differentiated THP-1 phenotype was also illustrated by the increased expression of CD11c in immunochemistry ([Figure 1C, D](#pone-0072459-g001){ref-type="fig"}). No significant difference was found in the expression of CD86.

![Light microscopy and fluorescence microscopy images of non-differentiated and differentiated THP-1 cells.\
Non-differentiated THP-1 cells (A) display a round shape and a nonadherent pattern while differentiated THP-1 cells (B) display a dendritic shape and an adherent pattern at light microscopy (×400), black scale bar : 10 µm. Fluorescence microscopy images (×200) showing CD11c expression by non-differentiated THP-1 cells (C) and differentiated THP-1 cells (D). Nuclei are stained in blue (DAPI) and CD11c is stained in red phycoerythrin (PE), white scale bar : 20 µm. A significantly increased CD11c expression was observed on differentiated THP-1 cells.](pone.0072459.g001){#pone-0072459-g001}

![Quantification of fluorescence intensity by non-differentiated and differentiated THP-1 cells.\
Membrane expression of CD54 (*P* = 0.033, \*), CD11b (*P* = 0.031, §) and CD11c (*P* = 0.002, \#) was significantly increased by differentiated ▪ THP-1 cells compared to non-differentiated □ THP-1 cells. A significant decrease of CD33 expression (*P* = 0.049, +) were observed and no significant difference of CD86. Errors bars represent standard deviation.](pone.0072459.g002){#pone-0072459-g002}

BAK and DNCB had a dose dependent cytotoxicity on PMA-differentiated THP-1 cells {#s3b}
--------------------------------------------------------------------------------

Total cytotoxity expressed by PMA differentiated THP-1 cells exposed during 24 hours to BAK at 33 nM was 39.3±4% and to DNCB at 10 nM was 29.5±1.8% ([Table 1](#pone-0072459-t001){ref-type="table"}). Those percentages were not significantly different compared to control (PBS), 33±2.7% (*P* = 0.075 for BAK and *P* = 0.112 for DNCB). The other concentrations of BAK and DNCB tested increased total cytotoxicity significantly (*P* = 0.019, 0.009 and 0.006 for BAK 164 nM, 328 nM and 1.6 µM respectively and *P* = 0.017, 0.011 and 0.005 for DNCB 25 nM, 50 nM and 100 nM respectively) compared to PBS. According to these conclusions we decided to choose 10^−5^% for BAK and 10 nM for DNCB in further investigations. LPS and TNF-α had no cytotoxic effects on PMA-differentiated THP-1 cells compared to PBS (*P* = 0.377 for LPS at 100 ng/mL and *P* = 0.092 for TNF-α at 5 ng/mL) ([Table 1](#pone-0072459-t001){ref-type="table"}).

10.1371/journal.pone.0072459.t001

###### Percentage of cytotoxicity of PMA differentiated THP-1 exposed to reagents.

![](pone.0072459.t001){#pone-0072459-t001-1}

  Reagent      Concentration   early apoptosis (%)   late apoptosis (%)   necrosis (%)    total (%)
  ----------- --------------- --------------------- -------------------- -------------- --------------
  **PBS**           1x               8.3±3.5              15.3±1.5          9.3±2.5         33±2.7
  **BAK**          33 nM             9.3±2.6              19.6±4.5         10.3±2.51        39.3±4
                  164 nM             10±3.5             **25.6±0.6**        11.3±2.3      **47±3.1**
                  328 nM            11.6±3.1             **31±4.7**           10±1       **52.6±8.2**
                  1.64 µM           12.5±2.82            **36±4.2**       **13.5±0.7**    **62±9.1**
  **DNCB**         10 nM            10.1±1.9               11±3.6           8.4±2.6        29.5±1.8
                   25 nM            15.6±8.5              15.6±4.7        **12.6±2.4**    **44±4.7**
                   50 nM            13.3±5.4            **32.7±6.5**      **16.8±3.2**   **62.8±6.1**
                  100 nM             10±7.54            **34.6±5.5**      **25.5±3.8**   **70.2±8.5**
  **LPS**        10 ng/mL            9.6±0.5              13.6±1.1           9±1.7         32.3±2.1
                 50 ng/mL           10.6±0.6              15±2.65           7.6±2.5        33.3±4.1
                 100 ng/mL           9.3±1.1              15.3±3.5          8.6±2.1        33.3±4.5
                 250 ng/mL           8.5±2.1              15.5±0.7           9±1.4          33±1.4
  **TNF-α**       1 ng/mL            9.6±2.1              17±1.73            17±3.6        36.6±3.2
                  2 ng/mL            9±2.65               18±2.65           9.6±3.5        36.6±1.5
                  5 ng/mL           11.3±2.5              17.6±0.6          7.6±3.8        36.6±2.1
                 10 ng/mL            9.6±2.3                17±1            9.6±3.7        36.3±2.5

Cell viability of PMA differentiated THP-1 was measured using an Annexin V/7-aminoactinomycin D (7-AAD) double staining in flow cytometry. We tested the 24 hours exposure to benzalkonium chloride (BAK), dinitrochlorobenzen (DNCB), lipopolysaccharide (LPS), tumor necrosis factor alpha (TNF-α) and phosphate buffered saline (PBS) for control. For each reagent, a panel of 4 different concentrations was tested. Grades of toxicity were separated in early apoptosis, late apoptosis, necrosis and total cytotoxicity. Results are expressed in percentage ± standard deviation (SD). Results with statistical differences (*P*\<0.05) compared to PBS are presented in bold.

The macrophage phenotype was modified after exposure to BAK, PMA, DNCB, LPS and TNF-α {#s3c}
-------------------------------------------------------------------------------------

The membrane expression of CD11b by differentiated macrophages was selectively increased after exposure to BAK (*P* = 0.033) as compared to PBS and other tested stimulations ([Figure 3](#pone-0072459-g003){ref-type="fig"}, A). In contrast, expression of CD11c was also increased after incubation with BAK (*P* = 0.005), DNCB (*P* = 0.004), LPS (*P* = 0.035) and TNF-α (*P* = 0.033) as compared to PBS ([Figure 3](#pone-0072459-g003){ref-type="fig"}, B). The membrane expression of CD54 was selectively increased after LPS stimulation (*P* = 0.007) as compared to PBS ([Figure 3](#pone-0072459-g003){ref-type="fig"}, C). Furthermore, only when exposed to BAK, CD33 expression was reduced (*P* = 0.003) as compared to PBS ([Figure 3](#pone-0072459-g003){ref-type="fig"}, D).

![Flow cytometry analysis of phenotypic changes of macrophages after various stimulatory substances.\
A: expression of CD11b : the expression of CD11b increased after benzalkonium chloride (BAK) stimulation (*P* = 0.033, \*) as compared to phosphate buffered saline (PBS). B: expression of CD11c : the expression of CD11c increased with BAK (*P* = 0.005, \*), DNCB (*P* = 0.004, \#), lipopolysaccharide (LPS) (*P* = 0.035, §) or tumor necrosis factor alpha (TNF-α) (*P* = 0.033, +) as compared to PBS. C: expression of CD54 : the expression increased under LPS stimulation (*P* = 0.007, \*) as compared to PBS. D: expression of CD33 : a decreased expression of CD33 was observed when exposed to BAK (*P* = 0.003, \*) as compared to PBS. Errors bars represent standard deviation.](pone.0072459.g003){#pone-0072459-g003}

Macrophages exposed to BAK, LPS and TNF-α showed increased phagocytosis {#s3d}
-----------------------------------------------------------------------

By means of fluorescence microscopy, a higher number of fluorescent microspheres were observed in macrophages as compared to non-differentiated THP-1 cells ([Figure 4](#pone-0072459-g004){ref-type="fig"}). Quantification with FCM confirmed that the percentage of cells containing fluorescent microspheres was significantly higher (*P* = 0.005) in macrophages (48.3±3%) than in non-differentiated THP-1 cells (5.1±0.6%). Furthermore, phagocytosis was significantly increased when macrophages were exposed to BAK (61.4±4.7%, *P* = 0.015), LPS (72.4±7.6%, *P*\<0.0001) or TNF-α (60.2±9.3%, *P* = 0.03) as compared to macrophages exposed to PBS (48.3±3%) ([Figure 5](#pone-0072459-g005){ref-type="fig"}).

![Fluorescence microscopy images of carboxylate microspheres in non-differentiated THP-1 cells and in macrophages.\
An increased carboxylate microspheres (red) concentration is observed in macrophages (B) than in non-differentiated THP-1 cells (A). Nuclei are stained in blue (DAPI). Magnification used was ×400. Bar : 20 µm.](pone.0072459.g004){#pone-0072459-g004}

![Quantification of carboxylate-modified fluorescent microspheres in non-differentiated THP-1 cells and macrophages.\
Macrophages had a higher level of phagocytosis (48.3±3%) (*P*\<0.0001, +) as compared to non-differentiated THP-1 cells (5.1±0.6%). Increased phagocytosis was observed after 24-h exposure to benzalkonium chloride (BAK) (*P* = 0.015, \*), lipopolysaccharide (LPS) (*P*\<0.0001, \#) or tumor necrosis factor alpha (TNF-α) (*P* = 0.03, §) as compared to macrophages exposed to phosphate buffered saline (PBS). Errors bars represent standard deviation.](pone.0072459.g005){#pone-0072459-g005}

Macrophages showed increased migration under the influence of BAK and TNF-α {#s3e}
---------------------------------------------------------------------------

We found that macrophages had a significantly increased rate of migration (9.2±1.5%, *P* = 0.004) when cocultured in presence of conjunctival cells unlike non-differentiated THP-1 cells (2.1±0.7%) and PMA-differentiated THP-1 cells cultured without conjunctival cells (3.7±1.1%). Migration rates were increased when macrophages were exposed to BAK (16.2±2.1%, *P* = 0.001), LPS (15.1%±4.7%, *P* = 0.004) or TNF-α (29.9±4.7%, *P*\<0.0001) as compared to macrophages exposed to PBS. Migration was significantly greater when macrophages were exposed to TNF-α ([Figure 6](#pone-0072459-g006){ref-type="fig"}).

![Evaluation of migration rates of non-differentiated THP-1 cells and PMA differentiated macrophages.\
The migration rate was higher when macrophages were exposed to benzalkonium chloride (BAK) (16.2±2.1%, *P* = 0.001,\*), lipopolysaccharide (LPS) (15.1%±4.7%, *P* = 0.004, §) or tumor necrosis factor alpha (TNF-α) (29.9±4.7%, *P*\<0.0001, \#) as compared to macrophages exposed to phosphate buffered saline (PBS). Migration was significantly higher when macrophages were exposed to TNF-α as compared to BAK (*P* = 0.004). Migration was measured in coculture with conjunctival cells except for column 2. Errors bars represent standard deviation.](pone.0072459.g006){#pone-0072459-g006}

Cytokine expression by macrophages was modified after exposure to stimulating factors {#s3f}
-------------------------------------------------------------------------------------

Supernatants from non-differentiated THP-1 cells contained high levels of CCL2/MCP-1 and MIF (over 50% of the positive control) and low detectable levels of IL-1ra, IL-8, PAI-1 and CCL5 (approximately 10% of the positive control) ([Table 2](#pone-0072459-t002){ref-type="table"}). In addition to the few cytokines found in non-differentiated THP-1 cells, supernatants of macrophages contained high levels of C5a, CXCL10, IL-1ra, CCL3, CCL5 and MIF (over 65% of the positive control) and detectable levels of CCL1, soluble CD54, GM-CSF and TNF-α (between 15 and 35% of the positive control). After exposure to the different stimulating factors, supernatants from macrophages contained more various cytokines and showed higher levels of expression. Macrophages exposed to BAK and TNF-α induced CCL1, soluble CD54, IL-1β, CCL4 and TNF-α at high levels (over 65% of the positive control) and CXCL11 at a low level (19% and 17% of the positive control, with BAK and TNF-α, respectively). Exposure to DNCB and LPS showed a substantial release of CXCL1 and IL-16. Moreover, supernatants from cells exposed to LPS (50 ng/mL) contained high levels of G-CSF, IL-1α, IL-6 and IL-10. Exposure to LPS also showed detectable levels of IFN-γ, IL-23, CXCL12 and sTREM-1. The results are presented in [Table 2](#pone-0072459-t002){ref-type="table"}.

10.1371/journal.pone.0072459.t002

###### Quantification of cytokines in supernatants from non differentiated and PMA-differentiated THP-1 cells.

![](pone.0072459.t002){#pone-0072459-t002-2}

  THP-1            Non differentiated   PMA-differentiated   PMA-differentiated   PMA-differentiated   PMA-differentiated   PMA-differentiated
  --------------- -------------------- -------------------- -------------------- -------------------- -------------------- --------------------
  **C5a**                  0                   81±9                 74±3                 91±1                 89±4                64±11
  **CD40L**                0                   1±2                   0                  18±11                 13±8                  0
  **GCSF**                 0                    0                    0                   8±3               **63±13**                0
  **GMCSF**                0                   19±6                 17±3                 19±7              **87±12**               9±4
  **CXCL1**                0                   8±2                  13±2               **68±3**             **87±8**               9±2
  **CCL1**                 0                   31±9              **73±10**             **94±8**             **90±8**               74±7
  **CD54**                 0                   23±4               **72±9**             **93±5**               93±4                 69±6
  **IFN-y**                0                    0                    0                   12±8                 12±7                  0
  **IL-1 α**               0                    0                    0                   13±9               **84±5**                0
  **IL-1 β**               0                   5±1                **74±6**             **89±5**             **86±4**             **71±5**
  **IL-1ra**              5±1                 90±12                 74±7                 88±2                 86±2                 75±5
  **IL-2**                 0                    0                    0                   11±7                 7±2                   0
  **IL-4**                 0                    0                    0                   3±1                  3±1                   0
  **IL-5**                 0                    0                    0                   3±1                  3±1                   0
  **IL-6**                 0                   8±2                   1                   8±6                **93±7**               7±3
  **IL-8**                8±2                 84±11                 72±4                 89±4                 82±5                 60±4
  **IL-10**                0                    0                    0                 **17±6**            **43±13**                0
  **IL-12 p70**            0                    0                    0                 **13±2**             **19±5**                0
  **IL-13**                0                    0                    0                 **15±4**             **11±1**                0
  **IL-16**                0                    2                   9±2                **60±2**             **65±5**               3±1
  **IL-17**                0                    0                    0                   4±1                  4±1                   0
  **IL-25**                0                    0                    0                   7±2                  4±1                   0
  **IL-23**                0                    0                    0                   8±1                **15±4**                0
  **IL-27**                0                    0                    0                   5±1                  6±1                   0
  **IL-32α**               0                    0                    0                   4±1                  5±2                   0
  **CXCL10**               0                   49±4               **75±6**             **91±5**             **86±2**             **76±3**
  **CXCL11**               0                    0                 **19±7**             **14±1**             **21±3**             **17±2**
  **MCP-1**               88±6                84±11                 74±5                 91±6                 87±5                 70±5
  **MIF**                51±10                 76±7                 75±4                 85±6                 90±5               **74±6**
  **CCL3**                 0                  76±13                 75±6                 89±7                 89±5                 74±7
  **CCL4**                 0                   8±4               **75±13**             **90±4**             **86±4**               74±6
  **PAI-1**               11±2                 79±9                 74±9                 85±6                 81±7                 73±8
  **CCL5**                6±1                  94±6                 75±7                 86±5                 78±1                 76±4
  **CXCL12**               0                    0                    0                 **18±4**             **18±5**                0
  **TNF-α**                0                   15±3               **70±7**             **88±8**             **81±5**             **84±4**
  **sTREM-1**              0                    0                    0                 **25±5**             **25±5**                0

Quantification of cytokines in supernatants from undifferentiated THP-1 cells and macrophages (differentiated THP-1 cells) stimulated with benzalkonium chloride (BAK), dinitrochlorobenzene (DNCB), lipopolysaccharide (LPS) or tumor necrosis factor alpha (TNF-α), and phosphate buffered saline (PBS) as a control. Results are expressed as a percentage of expression compared to the negative control ± standard deviation (SD). SD was not shown if \<1. Results with statistical differences (*P*\<0.05) compared to macrophages exposed to PBS are presented in bold.

Discussion {#s4}
==========

In this *in vitro* study, THP-1 cells were differentiated into macrophages, according to a well-known procedure [@pone.0072459-Auwerx1], [@pone.0072459-Kurosaka1]. THP-1 cells were previously shown to be a widely used cell line to investigate function and regulation of macrophages *in vitro* [@pone.0072459-Tsuchiya1], [@pone.0072459-Daigneault1]. Regarding the association of morphological and functional markers showed by differentiated THP-1 cells, these cells are commonly used as antigen-presenting cells *in vitro* [@pone.0072459-Estrella1]. In the present study, we selected THP-1 differentiated cells adherent to the cell plate as previously described [@pone.0072459-Tominaga1]. These cells had a dendritic morphology and adhesion abilities, characteristics shared by dendritic cells and macrophages [@pone.0072459-Forrester1]. In our study, the morphological changes were associated with the expression of CD11b, a macrophage marker and CD11c a dendritic cell marker [@pone.0072459-Forrester1] that were both overexpressed by differentiated THP-1 cells. Furthermore, a decreased expression of CD33, a myeloid cell marker that decreases with cell differentiation, confirmed the differentiated phenotype of these cells [@pone.0072459-GarnacheOttou1]. Differentiated THP-1 cells also demonstrated migration and phagocytosis abilities common to antigen-presenting cells *in vitro*.

BAK is widely used in eye drops as a preservative, with known toxic and pro-inflammatory effects on ocular surface tissues [@pone.0072459-Baudouin1], [@pone.0072459-Nuzzi1]. When exposed to BAK at a concentration of 329 nM (10^−4^%), conjunctival and corneal epithelial cell growth was reduced and cells became apoptotic at higher concentrations [@pone.0072459-Ammar1], [@pone.0072459-Brasnu1]. BAK is also responsible for the production of inflammatory mediators and proinflammatory cytokines by inflammatory skin cells with a direct relationship between clinical signs of irritation and *in vitro* release of the proinflammatory mediators [@pone.0072459-VandeSandt1]. In the present *in vitro* study, a low concentration of BAK (33 nM) was used in order to be below the direct cytotoxic effects on macrophages and to better reproduce the *in vivo* effects of BAK on ocular surface tissues. Thus, we showed that low concentrations of BAK stimulated macrophages regarding migration, cytokine production, phagocytosis and expression of cell markers.

Using the similar THP-1 cell line, Hirota *et al.* observed that 330 nM (10^−4^%) BAK did not induce CCL4 (MIP-1β) and CD86 production by undifferentiated THP-1 cells *in vitro* [@pone.0072459-Hirota1]. More interestingly, it was reported that 1 µM (3.2×10^−4^%) BAK was able to induce a 50% inhibitory effect on THP-1 cell proliferation [@pone.0072459-Byamba1]. This concentration of BAK decreased CCL4 production by undifferentiated THP-1 cells, whereas lower concentrations (100 nM and 10 nM, respectively, 3.2×10^−5^% and 3.2×10^−6^%) had no effect on CCL4 production. Although, we similarly observed that a low concentration of BAK (33 nM or 10^−5^%) did not induce CCL4 production by THP-1 cells, this concentration of BAK could induce cytokines production by macrophages (THP-1 differentiated cells). It has been previously shown that BAK induced the release of inflammatory cytokines (IL-1β, CXCL1, CCL3, CCL5) and IL-1β, CXCL8/IL-8 and CCL2/MCP-1 by vaginal parenchyma [@pone.0072459-Cone1], [@pone.0072459-Alt1]. On ear tissues, application of BAK has been shown to release inflammatory cytokines such as TNF-α, IL-1β and MIP-1α and MIP-1β [@pone.0072459-Roebrock1]. On ocular surface cells, BAK induced the production of IL-1 and TNF-α by conjunctival and corneal cells [@pone.0072459-Epstein1]. In the present study, supernatants from macrophages stimulated with BAK demonstrated high levels of ICAM-1/CD54, CXCL8/IL-8, CCL4, IL-1β and TNF-α. Interestingly, ICAM-1 and IL-8 were also found on impression cytology from patients treated with eye drops containing BAK [@pone.0072459-Baudouin2]. Consistently, BAK induced cytokine production by macrophages similar to those found in other tissues exposed to BAK [@pone.0072459-Cone1]--[@pone.0072459-Epstein1]. These new results emphasize the stimulating effects of BAK on macrophages *in vitro*.

To compare the effects of BAK on macrophages, other stimulating factors mimicking stimulations that may occur in ocular surface diseases were used: DNCB, TNF-α and LPS. DNCB, a benzene-derived allergen, is responsible for contact dermatitis [@pone.0072459-Zhang1]. It has a stimulating role for antigen-presenting cells, increasing expression of cell markers such as HLA-DR, CD86, CD40 and CD54, T-lymphocyte proliferation, TNF-α production, and Cys-Cys chemokine receptor 7 (CCR7) expression [@pone.0072459-Boislve1]. DNCB is considered as an allergen *in vivo*, regarding its pro-inflammatory action on macrophages [@pone.0072459-Zhang1], [@pone.0072459-Boislve1]. Most notably with macrophages, we observed that DNCB induced an overexpression of CD11c and the release of pro-inflammatory cytokines (CXCL1, IL-16, CCL1, soluble CD54, IL-1β, CCL4 and TNF-α), but DNCB had no effect on migration and phagocytosis. Lipopolysaccharides are expressed on the external layer of Gram-negative bacteria. Their pro-inflammatory effects on conjunctival cells and antigen-presenting cells have been widely demonstrated [@pone.0072459-Chung1], [@pone.0072459-Schultz1]. TNF-α is a mediator of inflammation produced by various cell types, which acts by inducing cytokine production, adhesion and costimulation molecules by inflammatory cells [@pone.0072459-Dinarello1], [@pone.0072459-Dekaris1]. LPS and TNFα are both well-known stimulating factors for macrophage functions such as migration, phagocytosis and cytokine production [@pone.0072459-Chung1]--[@pone.0072459-Dekaris1]. Interestingly, in the present study, BAK, LPS and TNF-α stimulations of CD11b and CD11c expression by macrophages were not different. Similarly, considering phagocytosis, no difference was observed between the stimulating effects of BAK, LPS and TNF-α. LPS was the most stimulating factor of cytokine release by macrophages and also increased CD54 expression, which was not modified by BAK, TNF-α or DNCB. For macrophage migration, TNF-α had the highest stimulating effect as compared to BAK and LPS. Although variations may exist in the type of macrophage properties evaluated, low concentrations of BAK may act on ocular surface macrophages as an activating factor comparable to TNF-α and LPS.

BAK has been considered as a cytotoxic agent regarding its effects on conjunctival cells [@pone.0072459-Ammar1] but has not been considered yet as a direct stimulating factor of inflammatory cells [@pone.0072459-Baudouin1]. Low concentrations of BAK, as can be observed in patients treated over the long term with preserved antiglaucoma medications, could thus be directly responsible for recruiting macrophages and increasing their migratory behavior. Interestingly, in our study, macrophages exposed to BAK increased migration when cocultured with WKD conjunctival epithelial cells. Even if the role of BAK was not direct, it may influence migration of macrophages, as it has been previously demonstrated for TNF-α that was shown to regulate the migration of corneal dendritic cells [@pone.0072459-Dekaris1]. The migration effect of BAK could be related to the TNF-α release induced by BAK in the present study, as we have a TNF-α secretion induced by BAK [@pone.0072459-Hirota1], [@pone.0072459-Cone1]. Little is known about the effect of BAK on macrophage phagocytosis function. Conjunctival cells exposed to BAK contain autophagosomes and autolysosomes [@pone.0072459-Buron1], leading to phagocytosis by other cells. *In vitro*, we observed that macrophage phagocytosis was enhanced by BAK exposure. The overexpression of CD11b and CD11c, facilitating the phagocytosis of complement-opsonized particles [@pone.0072459-Stewart1], might explain this effect of BAK on macrophages. Thus, in ocular surface tissues, BAK could activate phagocytosis by inducing apoptosis/autophagy in epithelial cells and also directly stimulating macrophages.

These results suggest new mechanisms involving macrophages that could be in part responsible for the inflammatory reactions observed when ocular surface tissues are exposed to BAK. It has been previously shown that BAK was able to induce an infiltration of macrophages in the conjunctiva and the expression of inflammatory and fibroblastic markers in patients treated for glaucoma or ocular hypertension [@pone.0072459-Broadway1], [@pone.0072459-Sherwood1], [@pone.0072459-Baudouin3]. In rabbit conjunctiva model, antiglaucoma eye drops induced significant inflammatory cell infiltration in conjunctiva-associated lymphoid tissue related to the concentration of BAK [@pone.0072459-Liang1]. In the present *in vitro* study, we used a concentration of BAK (33 nM) lower than the concentrations found in antiglaucoma eye drops (13 µM to 82 µM) [@pone.0072459-Baudouin1]. However, in patients using preserved antiglaucoma eyedrops, because of the tear film dilution and the deeper location of macrophages as compared to superficial conjunctival epithelial cells, ocular surface macrophages and dendritic cells may also be exposed to lower concentrations of BAK. The pro-inflammatory effects induced by preserved eye drops and BAK in particular are responsible for ocular surface symptoms that are a significant barrier to compliance in glaucoma treatment. Moreover, macrophage infiltration of the conjunctiva was already pointed out as being responsible, at least in part, for the abnormally excessive scarring process observed after glaucoma filtering surgery [@pone.0072459-Baudouin3], [@pone.0072459-Helin1]. The present results emphasize the role of BAK in these conjunctival tissue changes. Considering the stimulating role of BAK on macrophages, BAK should be avoided before filtering surgery, at least in the preoperative period.

Identifying all cellular populations and their respective role is necessary to establish an accurate tissue model. The present study has shown that even if macrophages are not among the first cells exposed to BAK because they are located deep in the conjunctiva stroma, they undergo modifications in response to stimulation at even extremely low BAK concentrations. Interactions between these cells and other cellular populations throughout the ocular surface and in other locations in the conjunctiva and the lymph nodes need to be elucidated to better understand the overall effects of BAK on the ocular surface.
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